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ABSTRACT 
The effects of ion implantation damage in silicon have been investigated 
in this work. A survey of previous studies on ion implantation damage is 
presented. Experiments were carefully designed to separate the doping effect of 
implanted ions from their damage effects. Radiation damage was introduced by 
Argon or Silicon implantation on either boron-doped p-type <100> or 
phosphorous-doped n-type <100> silicon wafers of various resistivity. The as-
implanted samples were then measured by the Spreading Resistance Profiling 
technique. Based on the obtained typical spreading resistance profile, a model 
has been developed to explain the profile behavior. 
According to our model, the implanted wafer can be divided into three 
different regions, namely, the radiation damage layer (Region I), the point 
defects injection layer (Region II) and the unaffected bulk layer (Region III). 
Curve fitting software was used to fit for second layer and an interesting 
parameter, namely, characteristic length L was obtained. The value of L is 
thought to be equal to the product of diffusion coefficient of point defect Dx 
times their recombination time constant z. The behaviors of L with the 
conductivity type, impurity concentration and implant ion species were 
discussed. Features of the spreading resistance profile of as-implanted silicon 
can be understood using our model. 
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Ion implantation is an important doping method in modern Integrated 
Circuit (IC) technology because of its speed, homogeneity, reproducibility, and 
a better controllability on the dopant dosage and shallower junction. In 
principle, we can measure the electrical charges deposited by the ion beam 
directly. Whereas for doping by in-diffusion method, it has to rely on the highly 
temperature dependent thermodynamic driving forces and kinetics. However, 
the disadvantage of ion implantation is that radiation damage is produced as a 
result of the high energy ion bombardment Fig, 1.1 shows a typical spreading 
resistance profile of an argon implanted silicon sample. The high value of 
spreading resistance near the surface indicates that "lattice damage" is present. 
This kind of damage is generally undesirable because it will result in 
degradation of the semiconductor electrical properties. Electrical activation 
using high-temperature annealing methods is a necessary process step to 
restore the crystal lattice and to bring the introduced impurity atoms to 
electrically active lattice sites. 
The most important concerns of the ion implantation technique for 
doping are the annealing of radiation damage, the electrical activation of the 
implanted atoms, the shape of the doping profile, and the influence of 
implantation upon those important electrical parameters such as mobility and 
lifetime of the implanted materials. 
It had been reported [12] that though there is no initial impurity 
concentration gradient, boron and phosphorus diffusion in silicon can be 
induced by implantation damage. The effect of ion implantation damage (in 
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Fig. 1.1 A typical spreading resistance profile of 
an Argon implanted silicon sample. 
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particular the excess point defects) to dopant diffusion in silicon, including the 
so-called damage enhanced diffusion and transient diffusion, is very complex. 
Fundamental parameters of point defect diffusion and recombination in silicon 
are crucial to the detailed understanding and modeling of diffusion, including 
the transient diffusion effect and the damage-enhanced or retarded diffusion 
effects during high temperature annealing. It is well known that point defects 
such as self-interstitials (I) and vacancies (V) play an important role in dopant 
diffusion. However, our knowledge about the diffusivities, recombination 
times, equilibrium concentrations, and reaction rates of the point defects is not 
complete and still subject to some uncertainty. 
Moreover, it is very difficult, if not impossible to study the behavior of 
self-interstitials and vacancies directly since they are practically not observable 
in any direct way. The most straightforward way for tracing the point defects 
behavior in silicon is to follow their interaction with dopants. Point defects 
have the effects of trapping dopant ions and the resistivity of the sample will be 
increased consequently. As the resistivity depth profiles can be measured by the 
spreading resistance profiling (SRP) technique, it is therefore possible to 
extract qualitative and even quantitative information about point defects from 
SRP measurements. 
The aim of this thesis is to carry out an investigation on ion 
implantation damage and its effects on impurity diffusion by using the SRP 
technique. Ion implantation resulted in point defects generation. For 
implantation of dopant atoms, the introduced atoms produce radiation damage 
while act as a dopant atom on the same time. To have a clearer understanding 
of the radiation damage effects, it would be better if we could separate the 
doping effects of the implanted atoms from the damage effects. In this study, 
the starting substrates were either boron-doped p-type <100> or phosphorus-
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doped n-type <100> silicon wafers of various resistivity. Implantation damage 
was introduced by Argon (Ar) or Silicon (Si) implantation. These ions species 
do not present any doping effect. Otherwise the position of the Fermi level will 
be changed due to doping. Consequently the population of the charged point 
defects will be influenced and ultimately will affect the diffusion. The reason for 
employing argon ions is because of their being chemically and electrically 
inactive, so that their associated charged effect and chemical reaction do not 
exist. The reason for choosing Si ions is that we intend to investigate the pure 
effects of the number of interstitials presented on impurity diffusion. 
Furthermore, for two batches of samples in this study the implantation energy 
values (360 KeV for Ar & 180 KeV for Si atoms) employed are relatively high 
because we intended to have a larger resulted projected range (Rp). Thus the 
effects of the surface amorphous silicon layer can be isolated in our study. 
In Chapter Two, some basic concepts relevant for later discussions will 
be introduced and a brief survey on the results of previous studies on ion 
implantation damage will be presented. In Chapter Three, the details of sample 
preparation, experimental and analysis methods were described. 
In Chapter Four, with some simple additional assumptions, a model that 
can be used to describe the behavior of the as-implanted resistivity profiles was 
developed. The model simply divides the implanted substrate into three distinct 
regions of different electrical behaviors. This model is then applied to explain 
those typical spreading resistivity profiles of the as-implanted samples in 
Chapter Five. Comparison between the measured and theoretical predicted 
profiles will be given. The interpretation of the experimental results will be 
presented. 
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Finally, conclusion and further suggestions on experimental works in 
order to gain knowledge on damage enhanced diffusion and transient diffusion 
will be given in Chapter Six. The details of the experimental spreading 
resistivity profiles are shown in Appendix B. The derivation of an equation 




SURVEYS ON ION IMPLANTATION DAMAGE STUDY 
2.1 Introduction 
It seems that the artificially induced implantation was first done by 
Rutherford in 1906，when he bombarded aluminum foil with a- particles [31 . 
The initial application of ion implantation in the doping of semiconductors was 
realized around 1956 [4] . For the past 40 years, a large volume of work has 
been done and there are many books [3"71 and review articles [8，9] on ion 
implantation. Today, ion implantation has emerged as the most preferred 
doping technique in semiconductor processing. It is a general statement that the 
study of ion implantation is a study of radiation damage effects and annealing. 
Impurity atoms are incorporated in the semiconductor (in particular, silicon) 
lattice essentially in the substitutional sites[101 . Due to the tight binding of the 
covalent bonds by its surrounding atoms, the long range migration of the 
impurity atom is improbable, if not impossible, without the assistance of point 
defects [11]. There are two major types of point defects closely related to the 
diffusion phenomenon, namely, vacancy (V) and self-interstitial (I). The former 
is due to the missing of an atom in the otherwise regular lattice site. The latter 
is due to the addition of a single host atom in a interstice inside the lattice 
space. 
Before going into the detailed discussion on the effects of ion 
implantation damage (in particular, point defects) in silicon, it is worth first to 
introduce some of the basic concepts and terms of implantation damage that 
are commonly encountered in the literature. Recently, Richard B. Fair has given 
a very clear description on the ion implantation damage in his book, “RTP: 
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Science and technolody" [4]. It is worth and much easier to follow Fair's frame 
work on discussion. Thus, in this section, we shall start with a brief description 
on the defect formation and their sources. Next, we shall briefly review the 
different natures of point defects in silicon. 
2.1.1 Basic Theory 
The typical ion implantation energies employed in integrated circuit 
fabrication processing are around 25-200 KeV, During implantation, an 
incident ion will collide with the electrons and nuclei of the target substrate 
leading to its loss of kinetic energy upon penetration of the substrate. Light 
ions will lose most of their energy to inelastic energy loss processes, whereas 
heavier ions will lose their energy to elastic collisions. Elastic collisions with 
energy transfer above 15 eV can displace Si atoms from their lattice sites and 
are primarily responsible for the production of lattice displacements (Frenkel 
pairs). The recoiled Si atoms can act as projectiles for secondary collisions. 
Meda et al[12] showed the existence of two kinds of radiation damage due to 
ion implantation: the first one produced by heavy ion, having a high 
displacement yield, being centered before the projected range Rp and easily 
recoverable by thermal treatments; the second one produced by light ion, 
having a 1:1 displacement yield, being centered on Rp and not recoverable by 
the same thermal treatments. Generally speaking, light ions will penetrate 
deeper than heavy ions (see Fig. 2.1). Besides ion species and implantation 
energy, the penetration depth where an ion stops will depend also on the 
implantation temperature, dosage and channeling effects. 
Various methods have been developed to estimate the damage density 
distribution. In 1975, D.K. Brice[13] developed a statistical calculation based on 
the transport equation derived by Lindhard et al[14]. However, the information 
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(a) Light ion implant 
(b) Heavy ion implant 
Fig. 2.1 Schematic representation of implantion damage formation. 
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obtained by this method is limited and lacks the flexibility for research studies. 
Another method is the Monte Carlo type simulations on which the programs 
TRIM [15], MARLOWE [161, CTRIM [17] etc. are based. These methods allow 
the users to accommodate more experimental variables. Thus the application 
flexibility is increased. The third method includes modeling the implant damage 
by solving the Boltzmann transport equation (BTE) [18]. This can also be used 
to estimate the net interstitial and vacancy distributions, but is quite computer-
time intensive. 
2.1.2 Amorphization 
If the concentration of the damage is sufficiently high, the crystalline 
silicon will transform into the amorphous phase [19] . The amount of 
implantation damage necessary for amorphization depends on the mass of the 
implanted ion species, the temperature, the energy and the dose rate. There is a 
critical dose for the formation of an amorphous layer which increases with 
decreasing mass of the implanted ions and with increasing target temperature 
[20] . For instant, an amorphous layer can be produced in a silicon target with a 
dose 5 x 1014 P+/cm2 at room temperature. 
In an attempt to explain the above mentioned dependencies, two 
classes of models are generally used [4] . The heterogeneous and homogeneous 
nucleation models, which apply to heavy ions at low temperatures and light 
ions at high temperatures, respectively. 
The heterogeneous model was first proposed by Morehead and Crowd 
[21] • The model assumes that an amorphous cylinder of radius R is created by 
each incoming ion and the temperature dependence of amorphization is a result 
of out-diffusion of vacancies from this cylinder. Experimental evidence from 
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heavier ions shows that the formation of amorphous layer involves the 
overlapping of amorphous zones [22’23�.This confirms the model's premise. 
The homogeneous model was first proposed by J.F. Gibbons -24] • It is 
based on the premise that when the point defect concentration reaches a critical 
value the system relaxes to an amorphous state. The creation of small 
amorphous zones at the end of the light-ion track act as nuclei for the 
subsequent crystalline to amorphous transformation. 
The above two models theoretically indicate when should silicon 
become amorphous. However, they fail to determine the type (buried or 
surface) or continuity (isolated pockets, continuous) of the amorphous layer. 
Stein et al[25] proposed the concept of threshold damage density (TDD). This 
is the amount of energy deposited into nuclear collisions that is necessary to 
change the crystalline lattice to amorphous phase. The damage density can be 
calculated by comparing the depth of the amorphous/crystalline interface 
(measured by cross-sectional TEM, tapered groove profilometry or differential 
reflectrometry) with the damage distribution curve calculated from Brice， 
Monte Carlo or BTE stimulations. In addition, its value depends on ion mass, 
dose rate as well as the implantation temperature. This concept will be applied 
later in section 2.1.5 to classify different types of extended defects. 
2.1.3 Amorphous Layer Regrowth 
In 1987，Meda et al[12] showed that the amorphous layer obtained by 
ion implantation seems to represent a new phase of silicon, characterized by a 
high formation energy in excess of 0.13 eV/atom. This phase is metastable and 
transforms easily into the single crystal phase by annealing at relatively low 
temperature (500°C). In 1990，Roorda et al [26] has shown that the as-
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implanted amorphous phase transforms to a less defective state upon low 
temperature annealing (<500°C). For high temperature annealing (>500°C), 
solid phase epitaxial (SPE) regrowth started via the motion of the 
amorphous/crystalline interface which follows an Arrhenius curve with an 
activation energy Ea == 2.35-2.9 eV, 
2.1.4 Point Defect Sources141 
There are four obvious implantation related sources of excess 
interstitials (Fig. 2.2), The incoming ions are introduced in numbers greater 
than the equilibrium vacancy concentration and result in an increase in the 
density of the lattice (see Fig. 2.2a). A second interstitial source is the recoiling 
of atoms from the surface into the crystal (see Fig. 2.2b). The third interstitial 
source is the recoiling of atoms from the amorphous layer into the crystal (see 
Fig. 2.2c). The fourth source is the Frenkel pairs produced and being separated 
(see Fig. 2.2d). 
2.1.5 Types of Extended Defects 
There are three possible conditions arising upon implantation [4] . First, 
no amorphous layer will form if the dose is too low and the target remains in 
crystalline structure. A higher dose will result in the formation of a buried 
amorphous layer. Upon further implantation, the buried amorphous layer grows 
towards the surface and a surface amorphous layer resulted. The transition 
from crystalline to amorphous layer is important in determining the type of 
secondary defects that arise from annealing. 
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A classification scheme which groups all secondary defects into five 
types based on the origin of the damage has been developed by K.S. Jones et 
al [ 2 7� .Figure 2.3 shows the details schematically. Type I defects forms when 
the dose exceeds a critical value and simultaneously no amorphous layer is 
formed. Type II defects, also known as “end-of-range，，(EOR) defects, form 
below the amorphous/crystalline interface in the damaged crystalline material. 
Type III defects are a type of "threading" defect resulting from irregularities in 
the initial stages of a solid phase epitaxial regrowth. Type IV defects arise if a 
buried amorphous layer is formed and result when the advancing upper and 
lower amorphous/crystalline interfaces meet upon solid phase epitaxy. Type V 
defects result when the solid solubility of the implanted dopant is exceeded. 
This includes precipitates and dislocation loops that are generally centered 
around the projected range Rp. 
The above classification scheme appears to apply quite well to 
implantation energies below 200 KeV. The implanted energies, which we used 
in this study, were closed to this figure. Therefore we shall adopt this scheme 
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Fig. 2.2 Four implantation related excess interstitials sources, from ref. [4]. 
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2.2 Nature of Point Defects 
2.2.1 Important Parameters 
The magnitude of the diffusivity Dx and the population of point defects 
Cx are two important parameters required in the study of the damage effects. 
They depend on temperature, process conditions, the past history of wafers 
under investigation as well as the charged states of point defects which would 
be appreciably coupled to the ionized dopant atoms. Since charge states may 
change many times in the presence of ionization, we cannot say which vacancy 
and which interstitial are first produced. These factors build the complication of 
the problem. 
As we have mentioned before, two major types of relevant point defects 
are vacancy and interstitial. Generally speaking, due to the bimolecular 
recombination of them, the supersaturating of one species always leads to the 
undersaturation of the other when the chemical equilibrium condition 
CvCj = C^Cf (2.1) 
where Cv is the concentration of vacancy 
Cj is the concentration of interstitial 
Cy is the thermal equilibrium concentration of vacancy 
Cf is the thermal equilibrium concentration of interstitial 
has been attained. 
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2.2.2 Vacancy Centers in Semiconductors 
Watkins [28，29] has given a very useful framework in describing the 
vacancy behavior in semiconductors. The first assumption is that one may 
concentrate on the four dangling bonds on the four neighbors to the vacancy. 
The vacancy can exist in the charge states V2+, V+, V°, V", and V2", depending 
on the position of the Fermi level. For instant, there will be four electrons 
associated with the four dangling bonds in the neutral vacancy, V°. One can 
construct symmetrized combinations of the dangling bonds, giving a totally 
symmetric one-electron orbital lai), and a threefold degenerate orbital of lt2) 
symmetry. And the lt2) state lies above the lai) state. 
In silicon, the picture that emerges for the various states of the vacancy 
is the following[30]: 
2+ 2 
V {ax ). The ai orbital is full and there are no t2 electrons. This center, 
whose existence is only inferred indirectly, presumably has spin S=0 and the full 
symmetry of the vacancy site. 
2 1 
V t2). This center has S= ‘/z due to one t2 electrons, which drives a 
tetragonal Jahn-Teller distortion. Electron paramagnetic resonance (EPR) 
studies show that reorientation of the tetragonal axis requires only a small 
activation energy of 0.013 eV. 
V°( ax tl). There are two t2 electrons causing a tetragonal Jahn-Teller 
distortion, which stabilizes the lE ground state. The neutral vacancy has an 
activation energy of 0.33 eV for low-temperature migration and an activation 
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energy of 0.23 eV for reorientation of the tetragonal Jahn-Teller axis. Also, it 
was identified by experiment[31] that 2 V+ should disproportionate into V°+V2+. 
2 3 
V"( ax t2 ). The three t2 electrons give a resultant spin of S= 'A. EPR studies 
show that the symmetry is reduced by a mixed trigonal and tetragonal 
distortion. The V" center reorients easily. Since this center shows mixed 
trigonal and tetragonal distortions, there are two distinct reorientations with 
activation energies of 0.008 and 0.072 eV, the higher corresponding to a 
change of tetragonal axis. 
2 2 4 
V \ ax t2 ). The four t2 electrons have S=0. The activation energy for 
migration of V2" is 0.18 eV. 
In p-type Si, V° is the stable form. Whereas in n-type Si, V2" is the 
stable form. 
2.2.3 Self-Interstitials in Silicon 
The charge state of self-interstitials in silicon depends on the local 
Fermi level position which has a dependence on the impurity population and 
temperature. Fair [32] has stated the 1+ has an energy level in the forbidden gap 
0.4 eV above the valence band, Ei+ = E v + 0.4 eV and also E{ = Ec - 0.4 eV. 
However, a very detailed description is still lacking. 
It is known that transient diffusion of dopants such as B and P is 
enhanced by excess Si self-interstitials generated by the implant. Many recent 
investigations have been aimed at untangling the mechanisms of transient 
enhanced diffusion in order to provide a sound basis for device processing 
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simulation programs. An additional scientific challenge is the development of 
processing-compatible methods to suppress the enhanced dopant diffusion. It 
has been reported that C atoms can provide a sink for excess interstitials during 
annealing[33�• 
2.2.4 Distribution of Excess Point Defects 
In 1986，A. M. Mazzone [34] by performing a Monte Carlo simulation of 
defect production showed that in ion implanted silicon the net recoil (vacancies 
V minus interstitials I) depth distribution consists of a V excess from the 
surface down to about 0.8 of the ion projected range Rp, and an I surplus 
between Rp and 2RP. Servidori et al [351 performed a study of self-ion (Si+) 
implantation with doses of 1.5xl015 and lxlO16 cm"2, both at 100 KeV. The 
amorphous layers were found to reach the depth of 200 and 230 nm for the 
doses of 1.5xl015 and lxlO16 cm"2, respectively. In p-type Si, interstitials 
displace substitutional acceptor B atoms [28，29]: 
Sii + Bsi-^Sisi + Bi (2.2) 
where Sii interstitial - silicon atom 
Bsi substitutional - boron atom 
Sisi silicon atom at a regular site 
Bi interstitial - boron atom 
In n-type Si, impurity trapping or the formation of small aggregates 
seems the likely fate of those interstitials that do not recombine with vacancies 
[30] 
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2.2.5 Energy Level of Defect Species 
Under thermal equilibrium, the concentration Cx a point defect species x 
can be estimated by: 
(2.3) 
where Ex is the energy level of the point defect species x, 
EF is the Fermi level of the silicon substrate, and 
C^ is the thermal equilibrium concentration of point 
defect species x 
Thus, the population of individual defect species can be known if they 
are detected present and the background doping level of the bulk substrate are 
known. Deep-level impurities concentration and energy level are best measured 
electrically. Deep level transient spectroscopy DLTS measurement has been 
commonly used for this application. Table 2.1 [37"41] shows those known defect 
species in Si formed by ion implantation. 
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Ex-Ey (eV) Suggested Identification Ref. 
— — 0 . 1 8 VY5 37-38 
0.21 V-V (0/+) 41~~ 
0 2 5 QH (0/+)4 38 
0 3 4 COV2 or QOi 38 
一 0 3 6 VCO, CSQ (0/+) 40-41 
— ^ ^ 0.48 VY3 38 
— — 0 . 5 2 ? 41 
0.67 H-related higher-order complex or 38-40 
I2 
0.68 P-V (-/0) 41 
0?70 V-V (-) 39-41 
0/75 ？ 41 
081 H-complex or V 2 0 39-40 
— — 0 . 8 9 ~ V-V (2-) 37-41 
0.91 Boron-associated 41 
093 VY5 38 
” 0 9 5 O-V (-/0) (A-center) 38-41 





In this experiment, the starting materials were either boron-doped p-
type <100> or phosphorous-doped n-type <100> silicon wafers of various 
resistivity including 0.01-0.02, 0.1-0.2, 1-2 and 10-20 Q-cm. Four sets of 
wafers were prepared for implantation. 
The first set of wafers were subject to argon implantation at room 
temperature to a dose of 2xl015 cm"2. The incident energy is 360 KeV. It 
corresponds to a projected range Rp = 3600A and a straggling of ARP = 900A 
for the argon atoms distribution in silicon after implantation. The reason for 
employing argon ions is because of their being chemically and electrically 
inactive, so that their associated charged effect and chemical reaction do not 
exist. They were given codes to represent the conductivity type and substrate 
resistivity. The sample codes are interpreted and list in Table 3.1. 
The second set of wafers were subject to silicon implantation at room 
temperature to a dose of 2xl015 cm2. The incident energy is 180 KeV. It 
corresponds to a projected range Rp = 2700A and a straggling of ARP = 845A 
for the silicon atoms distribution in silicon substrate after implantation. The 
reason for employing silicon ions is because of their being identical to the 
substrate atoms, so that the pure effects of the number of interstitials presented 
on impurity diffusion can be investigated. They were also given codes to 
represent the conductivity type and substrate resistivity. The sample codes are 
interpreted and list in Table 3.2. 
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The third and fourth set of wafers were subject to argon implantation at 
room temperature to a doses of 2xl015 cm"2 and lxlO16 cm"2 respectively. The 
incident energy is 80 KeV. It corresponds to a projected range Rp = 840A and a 
straggling of ARP = 295A for the argon atoms distribution in silicon substrate 
after implantation. Again they were given codes to represent the conductivity 
type and substrate resistivity. The sample codes are interpreted and list in Table 
3.3 and 3.4. 
The as-implanted samples were then studied by spreading resistance 
profiling (SRP) measurements. The measurements were performed with a 
SSM-350 system from Solid State Measurement, Inc.. 
A r - ^ S i : 360 KeV, 2xl015 cm 2 
sample code type bulk resistivity (Q-cm) 
— A P I p 0.01-0.02 
AP2 p 0.1-0.2 
AP3 p 1^ 2 
AP4 p 10-20 
AN1 ~~n 0.01-0.02 
AN2 n 0.1-0.2 
AN3 n 1^ 2 
AN4 n 10-20 
Table 3.1 
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Si — Si ： 180 KeV, 2xl015 cm'2 
sample code type bulk resistivity (Q-cm) 
SP1 p 0.01-0.02 ~~ 
SP2 p 0.1-0.2 
SP3 p 1^ 2 
SP4 p 10-20 
SN1 n 0.01-0.02 
SN2 n 0.1-0.2 
SN3 n 1^ 2 
— — — S N 4 n 10-20 
Table 3.2 
Ar -> Si: 80 KeV, 2xl015 cm 2 
sample code type bulk resistivity (Q-cm) 
— p 0.01-0.02 
- 0.1-0.2 
— - J ^ 
P4 p 10-20 
N1 n 0.01-0.02 
n 0.1-0.2 
N3 n 1^ 2 
N4 n 10-20 
Table 3.3 
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Ar 一 Si ： 80 KeV, IxlO16 cm-2 
sample code type bulk resistivity (Q-cm) 
HP1 p 0.01-0.02 
HP2 p 0.1-0.2 
HP3 p 1^ 2 
H S p 10-20 
— — H N 1 n 0.01-0.02 
HN2 n 0.1-0.2 
HN3 n U2 
HN4 n 10-20 
Table 3.4 
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3.2 Spreading Resistance Profiling 
Among the electrical profiling methods for the last few years, the SRP 
has been the most widely used in silicon. The SRP technique is a method for 
measuring the electrical (carrier) properties of semiconductor materials with 
very high spatial resolution; it is based on the measurements of the contact 
resistance of specially-prepared point probes on doped semiconductor samples. 
The spreading resistance profile is a function of the chemical (dopant) profile, 
but is also dependent on carrier diffusion, dopant activation and dopant 
ionization. Recently, Montserrat et al [42] has studied the limitations of the 
spreading resistance technique for ion implant profile measurements. 
The spreading resistance measurement uses two probes of tungsten-
osmium alloy separated by a very short distance, typically 50-100 i^m. We set 
the distance to be 100 |xm in our studies. The probes were moved in steps 
across the surface of the sample to be studied (see Fig. 3.1), and the resistance 
in a small region immediately under the probe tips was measured. We can bevel 
the sample with a small angle (around 0.1°-0.2° for our samples). By probing 
on this beveled surface, the spreading resistance profile versus depth can be 
obtained. 
The spreading resistance Rs associated with a single probe of contact 
radius a results from current crowding close to the contact region in the 
semiconductor and Rs is therefore determined by the resistivity p of a small 
volume of the material within a hemisphere of radius � 2 a [43] . Assuming a 
plane, uniform contact making perfect ohmic contact at the surface of a semi-
infinite semiconductor, it can be shown [44] that Rs is given by: 
„ p 
R s = ~ 7 - (3.1) 
4 a 
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Fig. 3.1 Spreading resistance probe geometry. 
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Thus, in principle, the resistivity p can readily be determined if Rs and a 
are measured. However, in practice, real contacts include a contribution to the 
resistance from a potential barrier Rb at the probe-semiconductor interface and 
also the bulk resistance between the two probes. Because of this intrinsic 
complexity of contact variables between the probes and the sample, SRP 
cannot be used for absolute measurements. Instead, probes are specially 
prepared to standardize the mechanical contact parameters. Measurements are 
then made by comparison to calibration curves generated for a particular set of 
probes on bulk semiconductor samples with uniform and known resistivity, 
having the same conductivity type, crystallographic orientation and surface 
finish as the test specimens. The need for this degree of specialization 
represents the principal disadvantage of the method. Due to its comparison 
nature, the accuracy is strongly dependent on the achievement of a high degree 
of reproducibility of both the probe contact and surface finish. 
In real practice, probe tips are conditioned by using a Gorey-Schneider 
probe grinder1451. Samples are wax-mounted on beveling fixtures having the 
desired bevel angle. They are then polished with fine diamond abrasive (0.1 jxm 
diamond abrasive was typically used in our work) in an oil-based slurry on a 
frosted glass plate. A typical measuring voltage in the millivolt range (5 mV 
was used in our case) is then applied across the sample through the two probes. 
By sensing the flowing current passing through the sample, spreading 
resistance can readily be determined. 
The resistance-depth profile data are converted to resistivity profile 
through the calibration curves and a boundary effect correction procedure 
based on the multilayer approach of Schumann-Gardner[45]. Finally the carrier 
depth profile is obtained with an improved version of Irvin's curves [46]. 
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The weakness of the SRP method is the complexity of sample 
preparation and the required expensive spreading resistance apparatus as well 
as the interpretation of the measured spreading resistance profile. The 
measured data must be deconvolved, and either the mobility must be known or 
well-calibrated standards must be used to extract the dopant profile. 
Furthermore, it is a destructive technique. 
The strength lies in its being a well-known, fast method that is routinely 
used by semiconductor industry for profiling. It has no depth limit and can be 
profile through an arbitrary number of p-n junctions. In addition, it spans over a 
very large concentration range from about 1013 to 1021 cm"3. 
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CHAPTER FOUR 
MODELING OF SPREADING RESISTANCE PROFILES 
OF ION-IMPLANTED DAMAGE IN SILICON 
4.1 Introduction 
The basic idea of the study is that a damage region below the surface of 
the substrate will be formed after implantation. There will be either a heavily 
damaged layer or a surface amorphous layer. The damaged region will be either 
saturated or supersaturated with point defects. The supersaturation of point 
defects in the surface damage region will result in an injection of point defects 
into the bulk substrate. This injection of point defects is dependent on a number 
of factors such as implantation temperature, background impurity 
concentration, point defect charged state, implant species, implant energy, 
implant dose and types of substrate. 
In this study, the implantation was performed nominally at room 
temperature. Though we have not monitored the actual substrate temperature 
during implantation, as the beam current was not particularly high. There 
should be minimal temperature rise of the substrate due to beam heating. We 
could anyway assume the implant temperature was at room temperature. For 
simplicity of analysis, we also assume that there is only one dominant type of 
injected point defect and only one dominant charge state. Of course, that 
particular point defect species and charge state may vary depending on the 
substrate parameters and implantation conditions. Therefore, we have 
performed implantation using two different ion species, namely, argon or 
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silicon, into Si substrates of p- or n-type of various doping levels to study the 
effect of these factors. 
4.2 Basic equation 
Following the discussion as given in Lo's [11] work on a study of the 
damage enhanced diffusion of boron in silicon and the discussion of Cowern's 
work [47] on diffusion of self-interstitials in Si, the diffusion equation for point 
defects can be written as [ ] : 
dC d2C C -CE 
^ f - A c - r ^ - - ~ ^ (4.1) dt dz 1 
where Dx is the diffusion coefficient of point defect species x, 
Cx is the concentration of point defect species x, 
is the thermal equilibrium concentration of point 
defect species x, 
t is the time, 
z is the depth of the defect, and 
T is the defect recombination time 
This diffusion equation has simple analytical solutions corresponding to 
three distinct phases1471. 
PHASE I. At very short times, the gradient of the point defects is steep 
and the diffusive part is dominant: 
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dc d2C 
In this transient phase the point defect profile evolution is determined 
by the point defect diffusivity, Dx. If the measurement were possible at such 
short times, one could determine Dx directly. 
PHASE II. At longer times, the trapping reaction becomes significant. This 
occurs when the injected point defects have propagated beyond a characteristic 
distance, L, the mean depth penetrated by a point defect prior to capture by 
relaxation. 
In this phase, the rate of loss of point defect to sink balances the rate of 
injection from the damaged region. The equation becomes dominated by the 
diffusive flux and the relaxation. Assuming Dx is constant and the equation 
becomes: 
dC 
玄 0 ( 4 . 3 ) 
d2C c -CE 
or Dx = 2 ^ (4.4) 
dz X 
Applying the relation: 
L 二 ( 4 . 5 ) 
where L is the characteristic length 
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1 D 
or - = -^7 (4.5a) 
By combining the equations (4.4) & (4.5a)，we have 




 = •一 const. (4.7) 
oz L 
The solution of this differential equation is a steady-state profile, 
Cx(z) = CXE + (CZ)0 -CExy exp� -童） (4.8) 
where Cx(z) is the concentration of the point defect species x 
at a depth z, and 
Cz 0 is the concentration of the point defect species x 
at the surface 
The characteristic time taken to reach this state is given by 
L2 
^ = - (4.5b) 
X 
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Intuitively, we can argue that the excess point defects can trap carriers 
in the semiconductor and lead to an increase in the resistivity. Assuming the 
number of trapped carriers is proportional to the point defect concentration so 
that 
n = n0(l-aCx) (4.9a) 
or p = p0 (l-aCx) (4.9b) 
where n, p are the electron and hole concentration, 
rio, p0 their original values without trapping, 
Cx the concentration of the point defect species x, and 
a a proportional constant depending on temperature and the position 
of the fermi level 
It is straight forward to show that [Appendix A] associated with the 
depth profile of point defect given by equation (4.8), the resistivity profile will 
take the following form: 
P � = P。+ ( P 广 P £ ) * E X P F 一 ( 4 . 1 0 ) 
V LJ 
where p0 is the resistivity of the substrate, ps and pE are two constants related 
to the defect concentration Cz，o and CXE in (4.8) by 
(XC nCE 




or p, = ~ ( 4 . 1 1 b ) , p E = ~ ( 4 . 1 2 b ) 
Poe^p Po^p 
where e is the electron charge, 
|Xn is the mobility of electron, and 
(ip is the mobility of hole. 
PHASE III Finally, at very long time, the flux of point defects from the 
surface causes a significant decrease in the concentration of active traps in the 
near-surface region, and Cx(z，t) is a function of the local value of the 
concentration of trapping centers, Ct. 
4.3 Formation of Model 
In our model, the resistivity profiles of the as-implanted samples can be 
divided into 3 distinguished regions (see Fig. 4.1). 
Region I 
This region covers the whole damage region starting from the surface 
down to a depth where practically all the implanted ions will stop. 
Amorphization may occur in the surface layer. The region is saturated or 
supersaturated with point defects and thus the resistivity is very high. 
This region behaves as a source of point defects that will be injected 
into the substrate. A coarse estimation of the thickness of this region is 
approximately RP+3*ARP from the observation that most implanted ions cannot 
go beyond this depth from TRIM95 simulation results. 
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Fig. 4.1 Schematic diagram shows that a typical SRP 
can be separated into three distinct regions. 
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Region II 
This is the region just beyond region I. There are essentially no or 
minimal implanted ions that can go beyond the boundary between Region I & 
II during implantation. However, point defects are injected from Region I into 
Region II and a change of the local resistivity is resulted. 
We propose to apply equation (4.10) derived earlier to describe the 
behavior of the resistivity profiles in this region. 
( z \ 
P � = P。+ ( P , - P £ ) * e x p - - (4.10) 
V LJ 
As the equation describes, a linear straight line will be obtained in a 
semi-log plot of p(z)-po, the difference between the resistivity values (p(z)) 
and that of the substrate po, against the depth (z). 
Region III 
This is the bulk substrate region that is unaffected by all the effects 
described in above. Thus the resistivity value remains to be constant, i.e., a 
horizontal flat line, and equal to the bulk substrate value. Because the second 
term in equation (4.10) is exponentially small, clearly equation (4.10) is equally 
valid for this region. 
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CHAPTER FIVE 
RESULTS AND DISCUSSION 
5.1 Results 
Before presenting the results of our study on the electrical resistivity 
profiles of the implanted samples using the spreading resistance profiling 
technique, for easy reference later in this chapter, we summarize the sample 
codes, implantation conditions, projected range and straggling values in Table 
5.1. 
Table 5.1 Summary of sample codes, implantation conditions, projected 
range and straggling values. 
Implant conditions 
Sample Code* Ion Energy Dose Rp ARP RP+3ARP 
Species (keV) (cm.2) (A) (A) (A) 
~ S P # or SN# Si 180 —2xl015 ~ 2 i m 845 5235 — 
~~AP#or AN# Ar 360 — 2xl015 3600 一 9 0 0 6300 
P#or N# Ar — 80 ~ 2 x l 0 1 5 8 4 5 ~ 295 1730 “ 
~HP#or HN# j Ar I 80 丨 lxlO16 845 295 1730 ~ 
*P means p-type and N means n-type substrate; # = 1，2，3，or 4 correspond to 
various substrate doping levels with resistivity values of 0.01-0.02, 0.1-0.2, 1-
2, or 10-20 ohm-cm, respectively. 
The spreading resistivity depth profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with argon at an energy of 360 
keV to a dose of 2xl015 cm 2 are shown in Fig. 5.1. From this figure, it is seen 
that all the samples after implantation show a large increase in resistivity in the 
surface region. The effect of implantation on resistivity depends significantly on 
the doping level. Generally speaking, a sample with a lower doping level will 
suffer from a larger increase in the resistivity in the implanted layer. Except for 
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the most heavily doped n-type substrate (p ~ 0.01-0.02 ohm-cm), the values of 
the resistivity at the surface of the implanted samples are in the order of 
thousand ohm-cm, a few orders of magnitude higher than the background 
substrate doping level. For the same doping level, the increase in resistivity is 
larger for p-type samples than their counter-parts in n-type samples. Moreover, 
it is also seen that while for this particular implantation condition with a 
projected range Rp of 0.36 \im and a ARp of 0.09 Jim, the affected layer depth 
as revealed by the spreading resistance profiles can be larger than 1 jLim, far 
beyond the expected thickness of the implanted layer as discussed in previous 
chapters. 
Similarly, shown in Fig. 5.2 are the spreading resistance profiles for 
samples of various substrate doping implanted by Si at an energy of 180 keV to 
a dose of 2X101 cm"2. The doping levels are from 0.01-0.02 to 10-20 ohm-cm, 
either p or n-type, as before. Most of the general features of these profiles are 
similar to those of Fig. 5.1. However, for p-type substrates, the doping level 
dependence of the profiles becomes less significant when the substrate 
resistivity is larger than 0.1-0.2 ohm-cm, while for n-type substrates, the 
profiles are well separated from each other. 
The spreading resistance profiles shown in Fig. 5.3 and 5.4 are for 
samples of various substrate doping implanted with Ar at an energy of 80 keV 
to doses of 2xl015 cm"2 and 1016 cm"2, respectively. Here we see that for 
samples implanted with Ar at an energy of 80 keV, the resistivity at the surface 
was increased to only a few ten ohm-cm, much lower than what has been 
observed for samples implanted with Ar at 360 keV as shown in Fig. 1. When 
comparing the results shown in Fig. 5.3 and 5.4, it is generally observed that 
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Fig. 5.1 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 360keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1，10 ohm-cm corresponding to the samples codes AX1，AX2, AX3, 
AX4 respectively (X=P or N). 
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Fig. 5.2 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates Implanted with Si at an energy 
of 180keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1 ,10 ohm-cm corresponding to the samples codes SX1，SX2, SX3, 
SX4 respectively (X=P or N). 
40 
50 I 1 
I 3 0 I 二 : P4 
I K 
• 2 0 r 乂 、 
I 10 k \ 
� ^ ^ — - _ 
l i i i i i i i i i l 
40 ^ ——N1 I 
\ ——N2丨 
E \ ——N3丨 
I 3 � � \ — • N4 
i 
o 广 
I I I I I I I I I I I 
0.0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 
Depth (micron) 
Fig. 5.3 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 80keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1 ,10 ohm-cm corresponding to the samples codes X1，X2, X3， 
X4 respectivity (X=P or N). 
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Fig. 5.4 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates Implanted with Ar at an energy 
of 80keV to a dose of 1016 cm"2. The doping levels are 0.01, 0.1, 
1，10 ohm-cm corresponding to the samples codes HX1, HX2, HX3, 
HX4 respectivity (X=P or N). 
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for the same type of substrate, the surface resistivity values are higher for a 
higher dose implant which is understandable. 
Shown in Fig. 5.5-5.8 are the same spreading resistance results of Fig. 
5.1-5.4，respectively, replotted in the semi-log scale to more clearly 
differentiate the effect of the substrate doping level. According to the 
discussion given in Chapter 4，a plot of ln(R(x)-Ro) versus x, where x is the 
depth, can be used to determine a characteristic length L. Shown in Fig. 5.9-
5.12 are such plots for the spreading resistance results shown in Fig. 5.1-5.4 or 
Fig. 5.5-5.8, respectively. A typical example is given in Fig. 5.13 to 
demonstrate the fitting using such plots. The particular profile shown by 
symbols in Fig. 5.13(a) is for a sample of 1-2 ohm-cm p-Si substrate implanted 
with At at an energy of 360 keV to a dose of 2xl015 cm"2 and the solid curve is 
the fitting result according to equation (4.10) to fit the resistivity profile of 
region II as defined in Chapter 4. In fact, the fitting was actually achieved by a 
fit of the linear region of the plot shown in Fig. 5.13(b), Theoretically equation 
(4.10) would suggest a straight line in a plot such as given in Fig. 5.13(b) for 
both region II and region III，i.e. the substrate. However, beyond a certain 
depth at which the resistivity value is practically the same as the substrate 
value, i.e. in region III, because of experimental errors, the data will show 
fluctuation features as displayed in Fig. 9-12. Details of the fitting are given in 
Appendix B. 
Fig. 5.14 summaries the fitted results of the characteristic length L 
versus substrate doping level for (a) p-Si substrates and (b) n-Si substrates with 
various implantation conditions. From this figure it is seen that L exhibits 
complicated behaviors in its dependence on substrate parameters such as 
conductivity type and doping level, as well as on implantation conditions, i.e. 
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Fig. 5.5 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 360keV to a dose of 2x1015 cm"2. The doping levels are 0.01，0.1, 
1,10 ohm-cm corresponding to the samples codes AX1，AX2, AX3, 
AX4 respectively (X=P or N). 
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Fig. 5.6 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Si at an energy 
of 180keV to a dose of 2x1015 cm"2. The doping levels are 0.01，0.1, 
1，10 ohm-cm corresponding to the samples codes SX1, SX2, SX3, 
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Fig. 5.7 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 80keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1 ,10 ohm-cm corresponding to the samples codes X1，X2, X3, 
X4 respectivity (X=P or N). 
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Fig. 5.8 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 80keV to a dose of 1016 cm"2. The doping levels are 0.01, 0.1, 
1，10 ohm-cm corresponding to the samples codes HX1, HX2, HX3, 
HX4 respectivity (X=P or N). 
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Fig. 5.9 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 360keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1,10 ohm-cm corresponding to the samples codes AX1, AX2, AX3, 
AX4 respectively (X=P or N). 
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Fig. 5.10 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Si at an energy 
of 180keV to a dose of 2x1015 cm*2. The doping levels are 0.01, 0.1, 
1 , 1 0 ohm-cm corresponding to the samples codes SX1，SX2, SX3, 
SX4 respectively (X=P or N). 
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Fig. 5.11 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 80keV to a dose of 2x1015 cm"2. The doping levels are 0.01, 0.1, 
1 ,10 ohm-cm corresponding to the samples codes X1, X2, X3, 
X4 respectivity (X=P or N). 
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Fig. 5.12 Spreading resistance profiles for samples of (a) p-Si 
substrates and (b) n-Si substrates implanted with Ar at an energy 
of 80keV to a dose of 1016 cm"2. The doping levels are 0.01, 0.1, 
1，10 ohm-cm corresponding to the samples codes HX1, HX2, HX3, 
HX4 respectivity (X=P or N). 
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Fig. 5.13 Spreading resistance profiles for sample of p-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015cm*2. 
The doping level is 1-2 ohm-cm. 
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implant ion species, energy and dose. For convenience of comparison, the 
numerical values of L are also summarised in Table 5.2. 
Table 5.2 Numerical values of L in jum. 
Substrate 
resistivity 0.01-0.02 0.1-0.2 1-2 10-20 
(Qcm) 
Sample Code ~ P I N1 P2 N2 P3 N3 — P4 | ^ N 4 _ 
SP# or SN#~ 0.174 1k115 0.152 一 0.112 ~0.151 0.113 0.139 0.141 
AP#or AN#~ 0.142 ~0130 0.155 — 0.122 ~0.174 0.167 0.145 一 0.145 
P# or N# — 0.073 ~o]P849 0.0755~ 0.0757 0.0957 ~o!o612 0.0787~ 0.04 
HP#orHN# 0.0742 0.049 0.0702 0 0691 0.105 0.0451 0.118 • 
A few specific points of observation are listed below: 
1) First of all, the L values obtained depend on the conductivity type as well as 
the doping level. 
2) The L values obtained cover a relatively wide range from -0.04 jum to -0.17 
JLim for n-type substrates and from -0.07 jum to -0.18 |im for p-type substrates. 
In most cases, with other factors identical, the L values for p-type substrate 
samples are larger than their n-type substrate counterparts. 
3) The L values also depend on the implant ion species, implant energy and 
dose. 
4) For the same ion species of Ar, the L values obtained are quite different for 
samples implanted with 360 keV and those with 80 keV. The L values are 
consistently larger for the higher energy implanted samples. On the other hand, 
for the same implant energy of 80 keV, there is also implant dose dependence 
but it is less significant in comparison with the implant energy dependence. 
5) There is not a clear universal trend of substrate doping level dependence. 
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5.2 Discussion 
As mentioned in Chapter 4, it is believed that the implantation damaged 
layer will act as a source of point defects which will be injected into the 
substrate. The injected point defects can migrate to a depth beyond the 
damaged layer and act as carrier traps. This effect will manifest eventually as an 
increase in the resistivity exponentially with depth in a region beyond the 
damaged layer and adjacent to the unaffected substrate region. Such a feature 
has been confirmed by the spreading resistance profiles as shown in Fig. 5.1 to 
5.8, either in linear plots or semi-log plots. From the results of some recent 
studies on ion generated point defect migration in Si [48"50], it is concluded that 
the dominant injected point defect species responsible for the dopant 
deactivation is Si self-interstitial. We believe this is also true for our case. 
Therefore, the present experimental results can provide information on the 
migration properties of the injected Si self-interstitials. 
The values of L obtained were found to depend on the substrate 
conductivity type and doping level. This is expected since the injected point 
defects can be trapped by the dopants and/or by other impurities, such as O and 
C [49]. The dopants in p-Si substrates are boron atoms and those in n-Si 
substrates are phosphorus atoms. They can have different trapping cross-
section values and therefore lead to the dependence on conductivity type. The 
dopant concentration is of course related to the trap concentration and 
therefore lead to the dependence on doping level. 
However, according to the above scenario, the L values obtained 
should not be dependent on factors such as implantation species, implant 
energy and dose as long as the point defects generated by implantation can 
escape the directly damaged region and be injected to the unperturbed 
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substrate. This clearly contradicts our experimental results which show that the 
L values obtained are different for sample implanted with Si ions and Ar ions. 
The L values obtained are also different for samples implanted with Ar but at 
different energies or different doses. 
Nor can we understand the doping level dependence. There is not a 
simple trend shown in Fig. 5.14 regarding the doping level dependence. A 
simple minded argument may suggest that if the effect of trapping due to 
impurity atoms such as oxygen or carbon were dominant over the dopants for 
the samples used in this study, with resistivity ranging from 0.01-0.02 ohm-cm 
to 10-20 ohm-cm, it would be expected that the L values obtained will be 
independent of the substrate resistivity as schematically shown Fig. 5.15(a). In 
the other extreme case, if the effect of trapping due to dopant atoms became 
the dominant factor, then L should generally increase with increasing resistivity 
as schematically shown in Fig. 5.15(b). When neither factor can dominate over 
the other, then L would first increase with resistivity and then become 
independent of resistivity when the dopant concentration is much lower than 
the background impurity concentration. However, none of the above three 
kinds of behavior was observed. Moreover, the variation of L with substrate 
resistivity also varies with the implant ion species, implant energy and dose. 
This is also not understood. In short, at the moment, it seems that there has not 
been an existing theoretical model that can provide a satisfactory explanation 
for the phenomena of ion implantation generated point defect injection and 
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Fig. 5.15 Schematically plot of characteristic length L 
versus resistivity p. 
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CHAPTER SIX 
CONCLUSION AND SUGGESTIONS OF FURTHER WORK 
6.1 Conclusion 
In this work, those important concerns of ion implantation damage in 
modern integrated circuit processing were mentioned. Results of previous 
studies on this topic were reviewed. Implantation damaged Si samples of both 
conductivity types and various doping levels were prepared with various 
implantation conditions. We then used the spreading resistance profiling (SRP) 
technique to study the variation of resistivity profiles due to implantation for 
these samples. The effect of implantation on the resistivity profiles depends 
significantly on the doping level. It was found that the penetration depth of 
point defects generated during implantation was far beyond the expected 
thickness of the implanted layer as discussed previously (~RP+3ARP). A 
possible mechanism for this observed phenomenon namely, point defect 
injection was discussed. Based on the point-defect injection model, some 
mathematical expressions have been derived to describe the deeper portions of 
the measured spreading resistivity profile excluding the surface region. With 
this model, the general features of the as-implanted spreading resistance profile 
can be explained. Moreover, a useful defect-related parameter namely, a 
characteristic length L, can be extracted. 
The dependence of L on both the substrate conductivity type and 
doping level, as well as on the implantation conditions has been studied. 
However, such dependence of L on these parameters has not been understood. 
It seems to be a big challenge to establish a comprehensive model to 
understand the present experimental results. However, if successful, it may well 
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improve our understanding on the point defect injection and migration 
properties in Si. 
6.2 Suggestions of Further Work 
One major task that could provide more information for the 
understanding of the experimental results presented in this work is to have a 
more direct investigation on the nature of the injected defect species. For 
example, it will be desirable to perform deep level transient spectroscopy study 
on the implanted samples. Such experiments will provide information on the 
deep energy levels present in the implanted region and their relative abundance. 
Hence, it can help identify the exact trapping mechanisms of the injected point 
defect as well as other information of the injected point defects or their 
complex. For example, it may be able to tell if there is only one or more than 
one dominant charge states of the injected point defect species in the sample. 
Other useful techniques that may help include secondary ion mass 
spectrometry (SIMS) and cross-sectional transmission electron microscopy 
(XTEM). The SIMS technique can tell directly to what depth the implanted 
ions have reached (except for the case of Si self implantation). The XTEM 
technique can provide information on the microstructures of the defect 
complexes formed in the sample. 
Last but not least, it seems that a good understanding on the experiment 
results of such investigation on the properties of point defects in Si may not be 
achieved by experimental investigation alone. A combination of experiments 
with theoretical simulation study should provide a better chance of success to 
unravel the physics behind such complicated phenomena. 
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APPENDIX A. 
To derive equation (4.10). 
Assume n-type substrate, we have 
P = 丄 ( B L ) 
ne\in 
Substitute eqn. (4.9a) into (Bl) and assume A C X « L , 
p = (1 + a C J (B2) 
noe^n 
Putting eqn.(4.8) into (B2) 
p 二 " - ^ " [ l + a C f +a(CZ)0 - C Jf)*exp(-^)] 
n0e\in L 
l + aC £ aC70 aCE z = ^ + [ ^ x—] * e x p ( - - ) 
〜华《 noe\^n noe^n L 
Hence, 
P = P o + ( p 5 " p E ) * e x p ( - ^ ) (4.10) 
aC70 
with p , = — f ^ ， 
aCxE 
P e = . 
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The derivation for p-type materials is similar. 
From eqn.(4.10), 
l n [ P z - P Q ] = - � *z + ln[p 广 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B3 Spreading resistance profiles for sample of p-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015cm*2. 
The doping level is 1-2 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B8 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015cm'2. 
The doping level is 10-20 ohm-cm. 
69 
1e+3 I ； 1 
k I ° SP1 I 
1e+2 Fitting 
I 伯 + 1 h \ 
1e'1 V . 
1 e - 2 =^ i 1 1 
,51 , ^ i 
0 1 2 3 
Depth (micron) 
Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B10 Spreading resistance profiles for sample of p-Si substrate 
implanted with Si at an energy of 180keV to a dose of 2x1015cm'2. 
The doping level is 0.1-0.2 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B 5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B17 Spreading resistance profiles for sample of p-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 2x1015cm"2. 
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Fig. B18 Spreading resistance profiles for sample of p-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 2x1015cm"2. 
The doping level is 0.1-0.2 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B22 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 2x1015cm"2. 
The doping level is 0.1-0.2 ohm-cm. 
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Fig. B23 Spreading resistance profiles for samples of n-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 2x1015cm"2. 
The doping level is 1-2 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B 5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B5 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 360keV to a dose of 2x1015 cm'2. 
The doping level is 0.01-0.02 ohm-cm. 
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Fig. B29 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 1016cm"2. The 
doping level is 0.01-0.02 ohm-cm. 
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Fig. B30 Spreading resistance profiles for sample of n-Si substrate 
implanted with Ar at an energy of 80keV to a dose of 1016cm"2. The 
doping level is 0.1-0.2 ohm-cm. 
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